Circadian rhythms in acid-stimulated bioluminescence and cell division are observed for at least 16 days in bright continuous light (4.5 milliwatts per square centimeter or 20,000 lux). The photosynthesis rhythm also fails to stop immediately upon transfer of cell suspensions to bright Ught. After about 4 weeks under these conditions, all rhythms were observed to damp out. In cells transferred from bright light to continuous darkness, the rhythms were reset to about circadian hour 12 to 14, the phase of the beginning of a normal night.
Circadian rhythms, oscillations in various physiological functions with a period of about 24 h even in constant conditions of light and temperature, have been observed in many different organisms (1) . In most cases, circadian rhythmicity is lost when organisms are grown in bright continuous light (13, 15) . The question addressed here is whether rhythmicity is lost immediately or whether a relatively long time is required for rhythmicity to damp out. The answer to this question has importance for hypotheses concerning the mechanism by which circadian oscillations are generated. It is not always easy to distinguish between these two alternatives. Organisms may appear to become arrhythmic immediately after their transfer from alternating light and darkness to continuous light. However, this may be the direct result of constant illumination on the process being monitored. For example, if Neurospora crassa, bd strain, is transferred to LLB,2 conidia are formed continuously thereafter, with no sign of the bands of conidia formed under light-dark conditions or in DD. Sargent and Briggs (13) have determined an action spectrum for this effect of bright light which shows a maximum in the blue region of the spectrum. The continuous production of conidia has been equated with "stopping the clock" in Neurospora, but may be a direct effect of light on conidiation, not rhythmicity. In Gonyaulax, too, mechanically stimulated bioluminescence is immediately suppressed and constant in LLB (15). The action spectrum for the light inhibition of mechanically stimulated bioluminescence in Gonyaulax has been determined (17) , and shows maxima in both the red and blue regions of the spectrum. However, this action spectrum is clearly different from that for phase shifting the biological clock in Gonyaulax (6), and represents a direct effect of LLB on stimulation of bioluminescence.
It has been observed universally that when rhythmic organisms are transferred from LLB to DD, the rhythms recommence at the phase characteristic of the beginning of a night, at CT 12 (1) observation forms the principal evidence for the interpretation that the circadian clock is stopped at CT 12 in LLB, the rhythm recommencing from this phase point when cells are transferred to darkness. In Gonyaulax, we formerly made this interpretation (15). However, this is not the only possible explanation. The absence of a detectable rhythm could merely signify a light effect on the process being monitored, while the "clock" continues to run undetected. The observation that rhythmicity assumes the phase of CT 12 on return to darkness would, under this interpretation, represent a phase shift from whatever phase the clock was in at the time of transfer to CT 12, brought about by the transition from light to darkness. There is some support for this possibility from studies of Sarcophaga (14), Acetabularia (7), and Drosophila (10) . In Gonyaulax, bioluminescence is rhythmic, both in DD and continuous dim light, but the transfer from dim LL to DD shifts the phase to near CT 12 (2) .
The postulated stopping of the clock at CT 12 in LLB has been cited as support for the membrane hypothesis for the generation of circadian oscillations (8, 9). The interpretation is that bright light opens ion gates in the membranes of organelles and so prevents the building of an ion gradient postulated to form one member of a feedback loop by which circadian oscillations are generated. It is thus of theoretical importance whether or not the circadian clock is immediately stopped in LLB. In Gonyaulax, the mechanically stimulated bioluminescence is known to be inhibited by light (15). However, it is also possible to induce bioluminescence in vivo by the addition of acid and this acid-stimulated bioluminescence is not light-inhibited. Gonyaulax also shows other circadian outputs, for example photosynthesis and cell division, which are promoted, rather than inhibited, by bright light. By examining all of these processes as a function of time after the transfer from a light-dark regime to LLB, I hoped to be able to distinguish whether LLB stops the circadian clock in Gonyaulax or whether the rhythm continues under these conditions and is reset to CT 12 when cells are transferred to DD.
MATERIALS AND METHODS
Cultures of Gonyaulax polyedra Stein, strain 70A (University of California, Santa Barbara algal culture collection No. 5M 20) were grown in f/2, a seawater enrichment medium (4), in a 12-h light, 12-h dark cycle at 22 C. The irradiance during the light part of the cycle was 1 mw cm-2 from cool-white fluorescent lamps. The irradiance was measured with a United Detector Technology model 40A light meter. Cell suspensions were transferred to continuous light (3-5 mw cm2 or 1300-21,000 lux) at the end of a normal light cycle. The high irradiance was obtained with a bank of cool-white fluorescent lamps (General Electric F48P617-CW Power Groove). The temperature in continuous light was 21.0 + 0.5 C. Two-ml samples from the cell suspension were pipetted into glass shell vials for the measurement of bioluminescence, using the photomultiplier-photometer described previously (5, 15).
Luminescence was stimulated by the injection of 0.4 ml of 0.05 Plant Physiol. Vol. 64, 1979 M acetic acid made up in double-distilled H20. Bioluminescence was integrated over 30 s, after which time no more light was emitted.
Cell division was measured as previously described (16) by counting the number of paired cells in an aliquot of the cell suspension, which had been diluted Y¼o with fresh medium 1 day prior to the beginning of measurements and placed in a small Petri dish within a large Petri dish containing medium to prevent evaporation. The pairs in the entire 10 ml of diluted cell suspension were counted under a dissecting microscope at intervals of 2 to 3 h.
Photosynthetic 02 evolution was measured with a Delieu and Walker (3) arrangement of the Clark-type 02 electrode, as described previously (11) . Aliquots of the cell suspension (50 ml) were sedimented by centrifugation at low speed in an International Clinical Centrifuge for 1 min. Cells were resuspended in 12 ml f/ 2 medium to which NaHCO3 (final concentration, 10 mM) had been added. The 02 dissolved in the cell suspension was partially removed by bubbling with N2 gas. The rate of 02 evolution, corrected for respiratory 02 consumption, was measured at saturating light intensity.
Cell counts were made using a Palmer-Malloy cell which had been calibrated previously. The cells in 20 fields were enumerated.
RESULTS AND DISCUSSION When cell suspensions of Gonyaulax were transferred from the light-dark cycle in which they had been growing to LLB (2.4 mw cm-2 or 11,000 lux) and their bioluminescence was stimulated by the addition of acid, the amount of luminescence observed increased rapidly, reaching a maximum at about 6 h after the transition (Fig. 1) . Measurements of the light emitted by the samples of the cell suspension during the next 3 days in LLB showed a clearly defined circadian rhythm with a period of close to 22 h (Fig. 1) . Cell division in a diluted sample of the same cell suspension was also strongly rhythmic, the maximum in the number of paired cells being observed 8 h after maximum bioluminescence.
The cell suspension remained in bright light at 21 C and samples were again tested for bioluminescence on the 14th, 15th, and 16th days after the transfer from the light-dark regime. The bioluminescence and cell division were again observed to be strongly rhythmic (Fig. 2) A still higher irradiance (4.5 mw cm-2 or 20,000 lux) was used in another series of experiments, in which both the bioluminescence stimulated by the addition of acid and photosynthetic 02 evolution were measured using samples from the same cell suspension. Under these conditions, a circadian rhythm in bioluminescence could again be clearly demonstrated, although the amplitude was somewhat lower than in the previous experiment (Fig.  3) , probably because this irradiance is damaging to Gonyaulax, at least as shown by measurements of photosynthesis (12) . Measure day in LLB, no rhythmicity was observed either in bioluminescence or cell division (Fig. 4) . the failure to observe rhythmicity in LLB previously, because the stimulating mechanism is inhibited by light under these circumstances, hence the luminescence cannot be detected. As mentioned above, many circadian rhythms, apparently stopped in bright light, recommence at once when returned to darkness at the phase characteristic of the beginning of a night, CT 12. This observation has provided the principal argument in favor of the hypothesis that bright light stops circadian rhythms at once at this phase. After extended culture in LLB, Gonyaulax assumes the phase characteristic of CT 12 on transfer to DD, as do other systems (15). In order to examine this effect in more detail during the time in LLB that Gonyaulax is clearly showing a circadian rhythm, the following experiment was undertaken. Aliquots of a cell suspension in LLB were transferred to DD at 0, 5, 1 1, and 17 h after the beginning of the bright light treatment (Fig. 5) light (5) . Similar shifts were also observed when the cells were transferred from LLB to DD at other times (Fig. 5) , the bioluminescence reaching a maximum value 3 to 4 h after the shift, as if the transfer had indeed caused the clock to be reset to slightly later than CT 12, about CT 14 to 15. The only exception was seen in those cells transferred from LLB to DD 11 h after the beginning of LLB (Fig. 5) . Here the phase shift was not detected until 6 h after the transfer and the maximum was not as distinct as in cells transferred to DD at other times. However, the time of maximal bioluminescence was still compatible with a phase shift to CT 12 to 14. This resetting effect ofa single step decrease in light intensity accounts for the observation that the circadian rhythm appears to be stopped at about CT 12 by LLB.
The findings reported here make it clear that the Gonyaulax clock is not immediately stopped in LLB. The continuation of rhythmicity for many days under conditions of bright continuous illumination necessitates reconsideration of the part light plays in affecting membrane transport, as part of the membrane models for the generation of circadian oscillations. 
